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ABSTRACT: Wheat germ has been chosen as a representative eukaryote for study of ribosomal 5s RNA 
secondary structure. Proton homonuclear Overhauser enhancements (NOE’s) a t  500 MHz for the hy- 
drogen-bonded base-pair protons in the 10-15 ppm region are used to establish the identity (A-U, G C ,  or 
G-U) and basepair sequence (e.g., G.C-A.U-C*G) within a given helical segment. Assignment of that segment 
to particular base pairs in the secondary structure is based upon N O E S  conducted at  different temperatures 
(to determine which signals “melt” together), variation of salt conditions (to produce differential chemical 
shifts in order to better distinguish components of an unresolved spectral envelope), and isolation and 
purification of RNase TI cleavage fragments (in order to reduce the spectrum to just a few base pairs). 
The NOE patterns for the RNase T1 fragments are the same as in the intact 5s RNA, supporting the 
assumption that structural features of this region in the intact 5s R N A  are preserved in the fragment. 
Chemical shifts predicted from ring current induced effects for a proposed base-pair sequence are then 
compared to experimental chemical shifts. By these methods, a portion of the “tuned helix” segment (namely, 
the base-pair sequence ClsG60-A19U59-C20G58) is demonstrated spectroscopically for the first time in any 
5s RNA. The tuned helix and common arm segments are less stable than the rest of the molecule. Variation 
of sodium and magnesium levels reveals multiple configurations of the wheat germ 5s R N A  in solution. 

w r  ldw ide interest in the proposed universal structure and 
function of the 5s RNA component of the protein biosynthesis 
process has led to the determination of 238 primary nucleotide 
sequences for 5s RNAs from five groups: eubacteria, plastids, 
mitochondria, archebacteria, and eukaryotes (Erdman et al., 
1985). In contrast to the cloverleaf secondary structure for 
tRNA, which was evident as soon as the first tRNA primary 
nucleotide sequence was available (Holley, 1965), the 5s RNA 
secondary structure remains controversial 18 years after the 
first 5s RNA (from Escherichia coli) was sequenced by 
Brownlee et al. (1967). Not only is 5s RNA about 50% larger 
than tRNA but also the lack of information about 5s RNA 
function precludes many of the sorts of structural inferences 
that resulted from studies of tRNA function. For example, 
although the conserved G T W  of tRNAs is Watson-Crick 
complementary to the conserved GAAC of 5s RNAs, 5s 
RNA remains functional for protein synthesis even after the 
GAAC segment has been excised (Pace et al., 1982; Zagorska 
et al., 1984). The functional nonexchangeability between 
prokaryotic 5s RNA and eukaryotic 5s RNA renders the 
problem even harder (Wrede & Erdmann, 1973; Bellemare, 
1973). 

More than a dozen secondary structural models for 5s RNA 
have been based upon three major approaches previously ap- 
plied to tRNAs: comparative sequence analysis (Fox & 
Woese, 1975; Studnicka et al., 1981; Leuhrsen & Fox, 1981; 
Pieler & Erdmann, 1982; Delihas & Anderson, 1982; de 
Wachter et al., 1982; Mackay et al., 1982), chemical modi- 
fication (Peattie & Gibert, 1980; Woese et al., 1980; Lewis 
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& Doty, 1970; Soot et al., 1974; Brownlee et al., 1968; Jordan, 
1971; Vigne et al., 1973; Ross & Brimacombe, 1979), and 
physical measurements (Osterberg et al., 1976; Luoma & 
Marshall, 1978a,b; Burns et al., 1980; Matveev et al., 1982; 
Burkey et al., 1983; Kime & Moore, 1983a,b; Chang et al., 
1984; Li et al., 1984b; Kime, 1984a,b; Li & Marshall, 1985). 
In spite of the voluminous literature on 5s RNAs, a consensus 
secondary structure has yet to be demonstrated directly. 
Four-stem and three-stem secondary structures adapted to the 
primary nucleotide sequence of wheat germ (Triticum aes- 
tioum) 5s RNA are shown in Figure 1. 

In 1971, Kearns et al. (1971a,b) demonstrated that tRNA 
in H 2 0  exhibited a large number of hydrogen-bonded imino 
resonances in the 10-15 ppm downfield region of the proton 
Fourier transform nuclear magnetic resonance (FT/NMR) 
spectrum. About a year later, similar (although much less 
well resolved) resonances were observed from E. coli 5s RNA 
(Wong et al., 1972). Since that time, highly effective 
water-nulling excitation methods (Redfield et al., 1975; Roth 
et al., 1980) and homonuclear Overhauser enhancement 
(NOE) techniques (Johnston & Redfield, 1978) have made 
it possible to identify (AsU, G-C, G-U, and tertiary pairs), 
sequence (e.g., A-U followed by G C  etc.), and assign to their 
correct primary sequence positions virtually all of the secondary 
and tertiary base pairs in several tRNAs (Johnston & Redfield, 
1981; Hare & Reid, 1982a,b; Heerschap et al., 1983a,b). 
Similar techniques have recently been applied to the eluci- 
dation of secondary base pairing in ribosomal 5s RNA from 
a Gram-negative bacterium, E. coli (Kime & Moore, 1983a,b; 
Kime et al., 1984; Kime, 1984a,b), and a Gram-positive 
bacterium, Bacillus subtilis (Chang & Marshall, 1986). In 
order to avoid the ambiguities resulting from extensive peak 
overlap in the 10-15 ppm spectral region in which the base-pair 
hydrogen-bond proton signals are found, Kime and Moore 
isolated and examined an RNase A resistant fragment of E. 
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FIGURE 1 : Proposed secondary base-pairing schemes for 5s RNA, 
adapted to the primary nucleotide sequence of wheat germ 5s RNA. 
(A) Cloverleaf model (Luoma & Marshall, 1978a,b); (B) three-stem 
model (Luehrsen & Fox, 1981). Both models share segments I, 111, 
and IV and differ in the base pairing in the middle of the primary 
sequence. 

coli 5s RNA to detect segments assigned to the molecular 
stem and prokaryotic loop of proposed universal base-pairing 
schemes for 5s RNA (Fox & Woese, 1975; Luoma & Mar- 
shall, 1978a,b). However, the regions which differ between 
different proposed basepairing schemes (e.g., helix I1 and helix 
I11 in the Fox and Woese model of Figure 1) have not yet been 
assigned. 
In order to resolve this controversy, we decided to apply 

FT/NMR techniques to wheat germ 5s RNA and its RNase 
T1 cleavage fragments. 5 s  RNA from wheat germ cytosol 
was chosen as a representative eukaryote, because plants and 
fungi are approximately equally divergent from the evolu- 
tionary path leading up to vertebrate animals. In the course 
of their determination of the primary base sequence of wheat 
germ 5s RNA, Barber and Nichols (1978) identified RNase 
T1 first-order cleavage sites at the G residues in positions 86, 
87, and/or 89. Therefore, we undertook to isolate and purify 
the RNase T1 resistant cleavage fragment extending from 
position 1 to position 86, 87, or 89 of wheat germ 5 s  RNA. 
This fragment should eliminate the overlapping imino proton 
resonances arising from the already observed stem helix of 5 s  
RNA and simplify the direct observation of the base pairs in 
the remainder of the molecule. Because no one approach is 
sufficient to solve a problem of this complexity, we have found 
it necessary to apply additional structural or environmental 
perturbations (e.g., variation in temperature and/or salt 
conditions) as well as ring current arguments to aid in enu- 
meration, identification, sequencing, and assignment of base 
pairs. 

MATERIALS AND METHODS 
Wheat Germ 5s RNA. Wheat germ (Triticum aestivum) 

was generously provided by International Multifoods (Co- 
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FIGURE 2: Electrophoresis gel scans (550-nm absorbance vs. distance) 
for production and isolation of RNase T1 cleavage fragments of wheat 
germ 5s RNA. Scans A, B, and C correspond to RNase TI digestion 
at 0 OC for 47, 107, and 137 min, respectively. Components a and 
b are complementary fragments whose molecular weights add to give 
the molecular weight of native 5s RNA. Scan D is for fragment a 
from mixture C after purification via Sephadex G-75 gel filtration 
chromatography. 

lumbus, OH). 5s RNA was isolated and purified via phe- 
nol/sodium dodecyl sulfate (SDS) extraction, DE-32 ion-ex- 
change chromatography, and Sephadex G-75 gel filtration as 
described by Li et al. (1984a). 

RNase TI Cleavage Fragments. To obtain uniform 
cleavage and high-yield recovery of RNase T1 cleavage 
fragments of wheat germ 5 s  RNA, enzymatic digestion was 
performed at several enzyme concentrations, 5s RNA con- 
centrations, buffer compositions, temperatures, and reaction 
periods (see Figure 2). Best results were obtained with 3.5 
pL of RNase T1 (350 units from Boehringer Mannheim) per 
milligram of 5s RNA (1 mg/mL) at 0 OC. Wheat germ 5 s  
RNA was dissolved in a solution containing 10 mM tris(hy- 
droxymethy1)aminomethane (Tris) base/0.3 M NaCl at pH 
7.0. The reaction was allowed to proceed for 137 min to give 
complete cleavage at the first-order sites (Figure 2C). Com- 
plete cleavage at the first-order sites of wheat germ (WG) 5s 
RNA is important in obtaining high yield for separation and 
purification of the RNase T1 resistant cleavage fragment. The 
reaction was stopped by addition of an equal volume of 5% 
SDS. Phenol extraction was employed twice to remove RNase 
T1, and the 5s RNA fragment was recovered from the 
aqueous supernate by precipitation with 2.5 volumes of cold 
(-20 "C) ethanol. 

Purification of RNase TI Cleavage Fragments. Prepara- 
tive-scale separation of RNA fragments from the RNase T1 
digest precipitate was achieved via Sephadex G-75 gel filtration 
chromatography (150 X 2.5 cm) in 4 M urea, 50 mM NaCl, 
1 mM ethylenediaminetetraacetic acid (EDTA), and 10 mM 
Tris base, pH 7.0 at room temperature. The absence of UV 
hyperchromism (i.e., increase in A,,, on heating from room 
temperature to 80 OC; not shown) showed that 14 M urea 
provides denaturing buffer conditions. Thus, the digestion 
fragments in this buffer are completely separated as single 
strands without base stacking or base pairing at room tem- 
perature. The eluted fractions of the sample cannot be pre- 
cipitated by ethanol in the presence of 4 M urea. Urea was 
therefore removed by dialysis against 10 mM Tris base/100 
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mM NaCl, pH 7.0, and RNA fragments could then be re- 
covered from the urea-free solution via cold ethanol precipi- 
tation. 

Gel Electrophoresis. The purified RNase T1 cleavage 
fragments were examined by gel electrophoresis (Li et al., 
1984) under denaturing conditions. The gel composition was 
2 mL of TBE solution (1.0 M Tris-borate/20 mM EDTA, 
pH 8.3), 4 mL of monomer [acrylamide/bis(acrylamide) = 
38%/2%], 10 g of urea, 7 mg of ammonium persulfate, 30 pL 
of N,N,N',N'-tetramethylethylenediamine (TEMED), and 6.7 
mL of water. The results are shown in Figure 2. 

NMR Samples. (A) Intact Wheat Germ 5.9 RNA. NMR 
samples of intact WG RNA were prepared in three different 
buffers. First, all samples were dissolved in a solution con- 
taining 10 mM EDTA/10 mM sodium cacodylate at pH 7.0, 
and dialyzed twice against the same buffer at a volume ratio 
of 1500 for 4 h. The samples were then dialyzed 3 times 
against water at a volume ratio of 1:lOOO for 3 h and lyo- 
philized. The lyophilized sample was dissolved in the three 
different buffers which all contain 10 mM sodium cacodylate 
and 95'%/5% H20/D20, pH 7.0, to which 100 mM NaCl, 10 
mM MgC12 (buffer A), 100 mM NaCl only (buffer B), 10 
MgC12 only (buffer C), or no NaCl or MgC12 (buffer D) was 
added. The concentration of each sample was determined as 
described by Li and Marshall (1985). RNA concentrations 
were (A) 30, (B) 35, (C) 26, and (D) 24 mg/mL. 

( B )  RNase TI Cleavage Fragments. NMR samples of 
RNase T l  cleavage fragments were prepared as described 
above, except that the fragment-lyophilized powder was dis- 
solved in buffer B. To renature this fragment, a dissolved 
sample was heated in a water bath at 58 "C for 5 min and 
cooled slowly (30 min). The total amount of RNase T1 re- 
sistant fragment was 148 ,4260 units in 0.4 mL. An NMR 
sample of the common arm fragment was prepared as above, 
for 105 A260 units in 0.4 mL. The isolation and purification 
of the common arm fragment will be described elsewhere. 

NMR Spectroscopy. All spectra were obtained at 1 1.75 T 
(500 MHz for 'H) with a Bruker AM-500 spectrometer unless 
otherwise specified. The NMR signals were produced by a 
modified Redfield 21412 pulse sequence (Redfield & Kunz, 
1975) with alternate delay acquisition (ADA) (Roth et al., 
1980) in order to suppress the H 2 0  signal (factor of ca. 35 OOO) 
and give a flatter base line (Chang & Marshall, 1956). 4K 
data sets (16 bit/word per transient; 24 bit/word in the ac- 
cumulated transient) were acquired in about 0.16 s. Total 
acquisition cycle time was 0.8 s; on the basis of independent 
determination (not shown), the longest T1 relaxation time was 
70 ms. Minor base-line corrections were performed. Sample 
temperature was calibrated from independent measurements 
of the chemical shift of methanol and ethylene glycol (Raiford 
et al., 1979; van Geet, 1970). Downfield shifts are defined 
as positive, and chemical shifts are defined relative to an H 2 0  
chemical shift of 4.78 ppm. Proton homonuclear Overhauser 
enhancement (NOE) experiments were performed by 0.3-s 
preirradiation of the resonance of interest with phase cycling 
procedures described elsewhere (Chang & Marshall, 1986). 
Each displayed NOE (difference) spectrum was based on 
time-domain subtraction of 8000 on-resonance from 8000 
off-resonance scans. The decoupler power was within a few 
decibels of 30 dB below 0.2 W, according to the TI  of a given 
peak, the degree of overlap with nearby peaks, and the degree 
of diffusion of spin polarization from one base-pair proton to 
another. NOES were unaffected either by changing the carrier 
frequency from 12.0 to 15.0 ppm or by increasing the preir- 
radiation period from 0.3 to 0.6 s. 
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FIGURE 3: 500-MHz low-field lH NMR spectrum of wheat germ 5s 
RNA (35 mg/mL) at 23 OC in buffer B (10 mM sodium cacodylate, 
0.1 M NaCl, and 1.0 mM EDTA, pH 7.0, in 9 5 5  H 2 0 / D 2 0  after 
complete removal of Mg2+ ion). The spectrum has been resolution 
enhanced by Lorentz-to-Gauss conversion. The peaks are labeled from 
A to W for convenience in discussion. 

RESULTS AND DISCUSSION 

Number of Base Pairs in Intact Wheat Germ 5s RNA. The 
downfield 500-MHz 'H FT/NMR spectrum of wheat germ 
5s RNA is shown in Figure 3. Because the hydrogen-bond 
base-pair imino protons give FT/NMR resonances located 
10-1 5 ppm downfield from 4,4-dimethyl-4-sila- 1 -pentane- 
sulfonic acid (DSS), one might expect to be able to determine 
the total number of base pairs in an RNA by simple inte- 
gration of the 'H intensity in that spectral region. Such es- 
timates are made difficult by several factors. First, even with 
the Redfield 21412 excitation and alternate delay acquisition, 
it is difficult to obtain a flat base line because of the residual 
signal from HzO. When, as in the present data, the base-line 
curvature is not very severe, it is permissible to flatten the 
residual curvature by fitting the base line to a polynomial and 
subtracting out that curve. Second, the nonflat power spec- 
trum of a Redfield-type pulse sequence further complicates 
comparison of peak areas. Third, the large number of base 
pairs in 5s RNA leads to severe overlap in this spectral region 
(see peak K in Figure 3). The best integration is therefore 
achieved by simulating the spectrum by superposing the 
minimum number of Lorentzian (or Gaussian, depending on 
the experimental line shape) peaks of variable position but 
equal width and height required to match the experimental 
spectrum. When applied to the spectrum in Figure 3, such 
a simulation gives a total base-pair number of about 35. 

Although such a procedure corrects for peak overlap, it can 
still give incorrect base-pair estimates because the relative peak 
areas may not be proportional to the numbers of base-pair 
imino protons, due to variation in exchange rate between 
different base-pair protons and H20 .  Yet another problem 
is that some resonances in this region may arise from non- 
Watson-Crick base pairs, e.g., ring N H  protons (as for G-U 
pairs) or exocyclic amino protons involving in hydrogen 
bonding of other non-Watson-Crick base pairs (as for gua- 
nosine, cytosine, and adenine). In support of this point, 
Hasnoot et al. (1980) have shown that some protons in the 
molecular interior (e.g., nonpaired G's and U's) may be buried 
so deep that they cannot exchange with water molecules. 
Variation in observed peak intensities arising from the de- 
tection cyclic period I T 1  can be eliminated (as in our case) 
by selecting a repetition period that is long compared to T, .  
A final problem is that if 5s RNA in solution can exhibit two 
or more conformations with interconversion lifetimes longer 
than a few seconds, then the same base-pair proton from two 
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FIGURE 4: Use of salt-induced shifts to resolve Overlapping resonances 
in the downfield 'H NMR spectrum of intact wheat germ 5s RNA. 
(A) 30 mg/mL RNA in Buffer A; (B) 26 mg/mL RNA in buffer 
C; (C) 24 mg/mL RNA in buffer D. Removal of Na+ and Mg2+ 
(bottom spectrum) resolves peaks D and E. Addition of either Mg2+ 
(middle spectrum) or Na+ and Mg2+ (top spectrum) resolves peak 
K into two peaks. Numerous salt-induced changes in the 10-12 ppm 
region suggest that the solution conformation of wheat germ 5s RNA 
may change significantly according to Na+ and Mg2+ concentrations. 

different conformers may display more than one chemical shift. 
We are thus led to seek methods which can establish the 
number of distinct base pair protons for an envelope of 
overlapping resonances. 

Resolution of Overlapping Peaks via Change in Salt Con- 
centration. Magnesium ions bound to tRNA (Privalov & 
Filimonov, 1978) or wheat germ 5s RNA (Li & Marshall, 
1985) are known to stabilize the RNA secondary and tertiary 
structures significantly. Figure 4 shows that wheat germ 5s 
RNA exhibits different configurations under different salt 
conditions, as evidenced by major shifts in the positions of the 
'H NMR peaks corresponding to hydrogen-bond base-pair 
imino protons. In particular, peaks D and E, unresolved in 
the presence of Mg2+ (Figure 4B) or Mg2+ and Na' (Figure 
4A), split into two easily resolved peaks on removal of Mg2+ 
and Na+ (Figure 4C). [Spectra at intermediate salt concen- 
trations (not shown) confirm these and other assignments.] 
Similarly, the resonances at position K, which are unresolved 
in the absence of Na+ and Mg2+ (Figure 4C), split into two 
major peaks on addition of either Mg2+ (Figure 4B) of Mg2+ 
and Na+ (Figure 4A). Additional Mg2+-induced changes are 
seen for the peaks located between 10 and 12 ppm. It is clear 
that variation in Na+ and/or Mg2+ concentration produces 
differential chemical shifts for the hydrogen-bond base-pair 
imino protons, thereby furnishing a means for separating 
overlapping resonances. Once these resonances are identified 
and assigned, such spectra will report the site(s) of specific 
conformational changes induced by changes in salt concen- 
trations. 

Peak Identification (A-U, G-C, G-U) from NOE Pattern. 
One of the most useful NMR methods for identifying the 
number and type (e.g., A-U, G C ,  G.U) is based upon the 
homonuclear Overhauser enhancement (NOE) technique. 
Partial transfer of a nonequilibrium population difference from 
an irradiated proton resoance to the spin populations of a 
spatially proximal ( 1 4  A) proton causes a small decrease (for 
a molecule as large as 5s RNA) in the intensity of the di- 
pole-coupled proton resonance (Noggle & Schirmer, 197 1; 
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FIGURE 5 :  Identification of base-pair types from intact wheat germ 
5s RNA via proton homonuclear Overhauser enhancement difference 
spectra. Presaturation of peaks A-E (spectra B-E) gives sharp NOES 
between 7.0 and 7.5 ppm (see arrows), identifying resonances A-E 
as A 4  base-pair hydrogen-bond imino protons. Note that the two 
distinct NOES in plot E reveal that there are two A U s  at the position 
labeled D and E in the normal 'H NMR spectrum (plot A). Pre- 
saturation of either peak R or peak V (spectra F and G) gave a strong 
mutual NOE to the other, identifying R and V as the two hydro- 
gen-bond imino protons from a G.U pair. Various smaller NOE's 
(e.g., K and L in plot B) represent NOE connectivity to nearest- 
neighbor base pairs (see text). 

Bothner-by, 1979). The difference is most readily visualized 
from the "NOE difference spectrum" obtained by subtracting 
the spectrum obtained during on-resonance irradiation from 
a spestrum obtained during off-resonance irradiation. The 
NOE difference spectral pattern will thus characterize the 
spatial distribution of protons in the close vicinity of the proton 
whose resonance is irradiated. 

In particular, presaturation of an A-U base-pair proton (ca. 
13.5-14.3 ppm) produces a characteristically sharp and strong 
NOE in the aromatic region (ca. 7.5 ppm) arising from cou- 
pling to the C2 proton of adenine in that base pair (Johnston 
& Redfield, 1981). Plots B-D of Figure 5 show that the three 
left-most peaks in the 'H downfield NMR spectrum of wheat 
germ 5s RNA arise from A-U hydrogen-bond base-pair imino 
protons, as might have been guessed from their chemical shifts. 
The identification of peaks D, E offers a good example of the 
need for multiple experiments to test NMR-based inferences. 
First, the resonances at D, E appear more intense than those 
at A, B, and C (Figure 3), suggesting the presence of two 
base-pair protons. Accordingly, removal of Na+ and Mg2+ 
(compare plots A or B with plot C of Figure 4) shows that 
peaks D, E indeed represent two different base-pair protons 
whose chemical shifts happen to overlap when salt is present. 
Finally, the NOE experiment (Figure 5, plot E) further reveals 
that the two peaks at D, E (Figure 5, plot A) are both A-U's, 
as seen from the two sharp NOE's generated in the aromatic 
region on irradiation of peaks D, E. 
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FIGURE 6: Ambiguity of NOE connectivity when overlapping reso- 
nances occur. Peaks C, G, and R are identified as AJJ, G C ,  and 
G.U from their characteristic primary NOE patterns. The top spectra 
show that A 4  is adjacent to G C ,  and the bottom spectrum shows 
that G.C is adjacent to G.U. However, since peak G represents two 
resonances (see 35 OC spectrum in Figure 7), we cannot be sure that 
the G C  connected to the A.U is the same G-C that is connected to 
G.U. 

The G-U wobble base pair was the first to be identified 
(Johnson & Redfield, 1978: Roy & Redfield, 1981) from the 
strong mutual intrabase NOE's produced between the spatially 
close (2.5 A) G-N1H and U-N3H. A typical G-U NOE 
pattern is observed for peaks R and V of Figure 3 (see Figure 
5 ,  plots F and G), providing immediate identification of R and 
V as the two hydrogen-bond imino protons of a G-U base pair. 

Base-Paired Segments Determined by NOE Connectivity. 
The small (ca. 2-4%) NOE difference peaks arising from 
population transfer from an irradiated base-pair proton to a 
proton of the base pair immediately above or below it in an 
RNA helix can be used to identify adjacent base pairs. For 
example, Figure 5 (plot D) shows that resonance C (an A-U 
base-pair proton) is NOE-connected to resonance G (a G C  
base-pair proton; see below). Similarly, resonances R and V 
(G-U base-pair protons from the same base pair) are NOE- 
connected to resonance G (Figure 5, plots F and G). A series 
of such 2-fold connections can be used to sequence longer 
helical base-paired segments of tRNA's and DNAs in solution 
(Heerschap et al., 1983a-c; Roy & Redfield, 1983; Hare & 
Reid, 1982; Feigon et al., 1983; Scheek et al., 1984). However, 
extension of the method to 5s RNAs presents new problems 
(Chang & Marshall, 1986). First, the secondary and tertiary 
structures of tRNA were already known (Ladner et al., 1975; 
Susman & Kim, 1976) in advance of the NMR work, whereas 
the 5s secondary structure (if a unique structure exists) is still 
debatable (Fox & Woese, 1975; Luoma & Marshall, 1978a,b; 
Studnicka et al., 1981; Nishikawa & Takemura, 1979; Delihas 
& Andersen, 1982; de Wachter et al., 1982); tertiary 5s RNA 
models are basically guesswork. Second, because 5s RNA 
is 1.5 times bigger than tRNA, there will be more peaks of 
greater individual line width, exagerating the problem of peak 
overlap, and the same weight per volume concentration will 
yield a 50% lower signal to noise ratio for 5 s  RNA compared 
to tRNA. 

Suppose we now try to construct a base-pair sequence from 
NOE connectivities. Resonance C (Figure 6, top) is an A-U 
base-pair proton and is NOE-connected to resonances G and 
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FIGURE 7: Use of temperature-induced melting and shifts to identify 
and confirm basepair sequences in intact wheat germ 5.9 RNA (buffer 
A). Peaks A and L melt together, in agreement with their NOE 
connectivity (Figure 5 ,  plot B). Note that peaks G splits into two 
peaks as the temperature is increased from 25 to 35 OC. Moreover, 
peak G2 melts together with its NOE-connected peak C. On the other 
hand, peak GI is still intact at 55 OC, as are peaks R and V from a 
G.U base pair (see Figure 4, plots F and G). Peaks B and 0 are more 
stable than peaks A or C. Temperature variation experiments thus 
verify NOE connectivities and help to distinguish different NOE- 
connected segments. 

K. The chemical shift and broad aromatic NOE produced 
by irradiation of peak G (Figure 6, middle) or peak K (not 
shown) identify both as G-C's. Figure 6 shows that peak G 
is NOE-connected to peaks C and R, V (and Q and possibly 
K). Finally, peaks R and V (Figure 6, bottom) are clearly 
from the same G.U, as argued previously. We have thus 
established NOE connectivity from peak K to peak C to peak 
G and from peak G to peaks R, V, corresponding to base-pair 
sequences G.C-A.U-G*C and G-C-G-U, respectively. (The 
polarity of each base pair, e.g., G.C vs. C-G, cannot be de- 
termined from these measurements.) One might be tempted 
to propose the completely connected sequence K-C-G-R, V, 
corresponding to G-C-A-U-GC-G-U. However, the strong 
intensity of peak G suggests that it may contain more than 
one base-pair proton. Thus, we cannot be sure that the G C  
(peak G) adjacent to an A.U (peak C) is the same G C  that 
is adjacent to a G.U (peaks R, V). This point is readily 
resolved from the temperature dependence of the 'H NMR 
spectrum, as discussed next. 

Temperature-Induced Shifts and Melting as an Aid in 
Base-Pair Sequencing. Temperature-induced changes in the 
'H NMR spectrum of 0.75 mM wheat germ 5s RNA in 
buffer A are shown in Figure 7, obtained with a General 
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Wheat gem 5s RNA 
K A  

PG . 
G .  

ii 

Common A r m  1 
I I I I I 1 

14 12 10 

PPM 

1 1 1  

FIGURE 8: Proton 500-MHz NMR spectra (left) and proposed secondary structures (right) of intact wheat germ 5.5 RNA (top) and two purified 
fragments (middle and bottom) produced by RNase T1 cleavage. All samples are in buffer B. The most obvious results of RNase T1 cleavage 
are the elimination of three A-U base pairs (peaks B, D, and E) and one G-U (peaks R and V). 

Electric NT-500 FT/NMR spectrometer. Since two NOE- 
connected base-pair proton peaks presumably occupy adjacent 
rungs of an RNA A-helix, both base pairs should umelt" &e., 
the inverse lifetime for chemical exchange between the 
base-pair proton and H 2 0  becomes faster than about 30 s-l) 
at about the same temperature. For example, peaks A and 
L (whose NOE connectivity is shown in Figure 5B) melt 
together at about 50 OC. 

Let us now consider the problem of the overlapped G-C 
resonances at position G. Two G C  resonances, GI and G2, 
are clearly resolved when the temperature is increased to 35 
OC (or in the buffer of Figure 4A). Peak G2 melts together 
with peak C (an A-U pair) at about 50 OC. However, peaks 
R and V (a G.U pair) remain stable up to 55  OC, along with 
peak GI. Thus, it is likely that the G.C (peak G2) which is 
adjacent to an A.U (peak C) is different from the G C  (peak 
GI) which is adjacent to a G.U (peaks R, V). The corre- 
sponding basepaired segments, GC-A-U-GC (peaks K-C-G2) 
and G-C-G-U (peaks G1-R, V), likely occur in different 
base-paired helical stems. (It is important to note that a 
common melting temperature for a G.C pair and an A U  pair 
need not imply a common location, since an A.U pair may melt 
at a lower temperature than an adjacent G C  pair.) 

Although G.U base pairs have generally been regarded as 
much weaker than A.U or G-C pairs (Tinoco et al., 1973), 
Johnston and Redfield (1978) demonstrated the persistence 
of G44J69 in tRNAPhc up to 42 OC in the presence of Mg2+. 
Similarly, we find a G.U base pair (peaks R, V) that is as 
stable a t  high temperature as the remaining G-C pairs near 
12.5 ppm (see 55 "C spectrum in Figure 7). The stem con- 
taining the G.C-G.U segment must be stabilized by the 
presence of other secondary G-C pairs or additional tertiary 
base pairing. 

Finally, peaks B (A.U pair) and 0, whose NOE connectivity 
is shown in Figure SC, are both also stable at high temperature 
(see 50 OC spectrum of Figure 7). In contrast, the A-U 
base-pair protons corresponding to peaks A and C are relatively 
labile and likely occur in less stable regions [e.g., helix I1 or 
helix I11 of the Fox/Woese model (see below)]. 

Use of RNase TI Cleavage Fragments for Assignment of 
Base-Paired Segments. Although the resonances corre- 
sponding to five AQU and one G-U base pairs have been 
identified (Figure 5 ) ,  and their NOE connectivities established 
(Figures 5-7), assignment of particular resonances to par- 
ticular primary sequence positions in wheat germ 5s RNA 
remains. For example, the base-pair sequence G-C-A-U-G-C 
deduced from NOE connectivity between resonances K-C-G2 
could be assigned to two possible segments in the Fox and 
Woese model, namely, C18G60-A19U59-C20G58 and C10SG70- 

A simple method for resolving such an issue is to cleave the 
intact 5s RNA molecule in such a way to eliminate one 
possible helical segment while preserving another. Figure 8 
shows 'H NMR spectra and corresponding secondary struc- 
tures (Fox/Woese model) of intact wheat germ 5s RNA, an 
RNase T1 resistant cleavage fragment, and a smaller fragment 
corresponding to the "common arm" that is present in virtually 
all proposed secondary structures for 5s RNA. 

Figure 8 shows that peaks B (A-U), D (A-U), E (A-U), and 
R, V (G-U) are missing in the RNase T1 resistant cleavage 
fragment and thus appear to arise from segments I, IV, and/or 
V (and/or from tertiary base pairs). By the same token, since 
peaks A and C remain after RNase T1 cleavage, we discover 
that peaks A (ALJ) and C (A-U) and their NOE-connected 
partners are found in helices I1 and 111. Further cleavage of 
the RNase T1 resistant fragment (S.-J. Li and A. G. Marshall, 

u 106A69-C107G68* 
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Table I: Comparison of Experimental 'H NMR Chemical Shifts 
with Those Computed from Ring Currents for a Proposed Base-Pair 
Seauence 

exptl shift 
wak wsition" base Dair calcd shiftb (mm) (ppm) 

K c 1 E'G60 12.49 12.53 
C A19*U59 13.80 13.64 
G2 CZOG 13.24 13.11 

"See Figure 2. bComputed from Arter and Schmidt (1976) for an 
RNA A-helix, for assumed intrinsic (unshifted) positions of 14.35 ppm 
for A.U and 13.45 ppm for G C  (Reid et al., 1979). 

Wheat germ 5s RNA 
T I -Res is  tant fragment 

unpublished results) was used to produce the common arm 
segment shown in Figure 8 (bottom). Since peak A remains 
in the spectrum of the common arm fragment, we have de- 
tected at least one A.U base pair from the common arm. 
Similarly, since peak C is missing from the common arm 
segment, we conclude that peak C lies in helix I1 and is as- 
signed to AI9US9. Therefore, NOE-connected resonances 
K-C-G2 can be assigned to C18G60-A19U59-C20G58 and con- 
stitute the first direct observation of the "tuned" helix IZ 
segment of the Fox/ Woese secondary strcutural model for 
5s RNA. 

Ring Current Induced Chemical Shifts Confirm Assignment 
of C ~ ~ G ~ ~ ~ A l g U ~ g - C 2 0 G s g .  Further corroboration of the as- 
signment of peaks K-C-G2 as C18G60-A19U59-C20G58 is afforded 
from ring current calculations. Table I compares the exper- 
imental chemical shifts for peaks G2, C, and K with those 
computed from Arter and Schmidt (1976) for nearest and 
next-nearest base pairs in the tuned helix I1 of the Fox/Woese 
model. The calculated values are clearly consistent with the 
proposed assignment. In conclusion, a combination of proton 
homonuclear NOE experiments, variation of salt conditions, 
temperature-induced melting, and 'H NMR of RNase T1 
enzymatic cleavage fragments yields a relatively definitive 
assignment of a segment of base pairs that can be assigned 
to the previously unobserved tuned helix I1 region of the 
Fox/Woese model of the secondary structure of wheat germ 
5s RNA. 

Are the Conformations of the Fragments the Same as in 
the Intact Molecule? It is important to establish that the 
enzymatic cleavage fragments differ from the intact 5s RNA 
molecule only in the absence of some structural features and 
not by the formation of some new, nonnative structure. Since 
the principal difference between the fragments and the intact 
molecule is that several resonances are absent in the fragments, 
it seems likely that the base-paired regions of the fragments 
are similar to those in the intact 5s RNA. [Some minor 
additional peaks observed for the fragment (e.g., extra intensity 
at 14.1 ppm) could arise from pairing of the long loose 5' and 
3'ends.I A better criterion is to compare the NOE behavior 
of the fragment and the intact 5s RNAs. Figure 9 shows that 
irradiation of peak C in the RNase T1 resistant cleavage 
fragment produces an NOE pattern nearly identical with that 
from the intact 5s RNA (Figure 5D or Figure 6 ,  top spec- 
trum). As further evidence, Figure 10 shows NOE patterns 
for irradiation of peak A from the intact molecule (bottom 
spectrum), the RNase T1 resistant fragment (middle spec- 
trum), and the common arm fragment (top spectrum). The 
near-identical NOE pattern for all three RNAs offers strong 
evidence that the conformation of the fragments is similar to 
the conformation of the corresponding segments of the intact 
wheat germ 5s RNA. [The slight shift in position of peak 
A in the common arm fragment compared to the other frag- 
ment and the intact 5s RNA is due to the lower temperature 

I I I I 1 

14 12 10 8 6 

FIGURE 9: Presaturation of peak C on the RNase T1 resistant fragment 
shown in the middle of Figure 8 gave the same NOE pattern (bottom 
spectrum) as for the intact molecule (compare spectrum D in Figure 
4). The spectrum of the fragment (top diagram) is included for 
reference. This result supports the assumption that the fragment 
retains at least some of the features of the intact 5s RNA molecule. 

P PM 

A * U  NOE 
A 

- 
RNAse TI-Resistant Fragment L 
Wheat germ 5s RNA Native L 1 4  12 1 0  8 

PPM 

FIGURE 10: Same NOE pattern is produced by irradiation of the A.U 
resonance at peak A, whether from intact 5s RNA (bottom), the 
RNase T1 resistant fragment (middle), or the common arm fragment 
(top), indicating that this segment of the molecule survives intact after 
RNase T1 cleavage. 

(2 vs. 23 "C) at which the NOE of the common arm fragment 
was conducted.] 

5s RNA Secondary Structure. The secondary structures 
of ribosomal 5s RNA (Eigen et al., 1985; Curtiss & Vour- 
nakis, 1984; Ohama et al., 1984; Delihas et al., 1984; Pieler 
et al., 1984) and 5.8s RNA (Vaughn et al., 1984) have been 
repeatedly and extensively reviewed. Although there are minor 
differences between recent models with respect to length of 
helical segments and the disposition of single-stranded loops 
or bulges, most are characterized by a three-stem arrangement 
(including four helical segments for prokaryotes and five for 
eukaryotes), except for the cloverleaf model (Luoma & 
Marshall, 1978a,b) which has four stems. The two model 
types have been adapted to the primary base sequence of wheat 
germ 5s RNA in Figure 1. 

The major difference between the two models is the base- 
pairing arrangement in the middle of the primary sequence, 
Le., helices I1 and I11 in the three-stem model or the single 
helix AA' in the four-stem cloverleaf model. As previously 
noted, the present results require a G-C-A-U-G-C base-pair 
sequence both in the intact 5s RNA and in the RNase T1 
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resistant cleavage fragment. However, no such base-pair 
arrangement can be found in the cloverleaf model. Moreover, 
stem A of the cloverleaf model includes three G.U pairs, but 
no G-U base-pair protons are NOE observable in the corre- 
sponding RNase TI  resistant cleavage fragment. On the other 
hand, NOE-connectivity and ring current calculations support 
C18G60-A19U59-C20G58 assignment to the tuned helix I1 of the 
three-stem model. The alternative ~ 6 s ~ l o 7 - ~ 6 ~ ~ l o 6 - ~ 7 0 ~ l o ~  

segment in helix V is ruled out by the continued presence of 
the signals in the RNase T1 resistant cleavage fragment, in 
which bases 90-120 have been removed. The experimental 
absence of G-U pairs in the RNase T1 resistant cleavage 
fragment further supports the existence of helix 11, in which 
no G U S  are present. The present results thus provide the most 
direct evidence to date for the existence of the tuned helix I1 
and thus strongly support a three-stem secondary structural 
model for 5 s  RNA. 

The exact number of base pairs in helix I1 remains to be 
determined. First, RNase SI cleavage of positions 8-18 
(Barber & Nichols, 1978) indicates that helix I1 may not 
contain as many as five consecutive base pairs. Second, we 
do not detect an A.U base pair corresponding to A16U62 in the 
'H NMR spectrum of either the intact molecule or the RNase 
T1 resistant cleavage fragment (even with NOE's at 5 "C), 
although a shoulder at the left of peak F could represent such 
a base pair whose hydrogen-bond imino proton is in fast ex- 
change with water because of its location at the end of a helical 
segment. Furthermore, a few resonances remain after sub- 
traction of the common arm resonances and the assigned peaks 
GZ, C, and K from the RNase T1 resistant cleavage fragment 
spectrum, suggesting that the revised Fox/Woese model is 
incomplete. Although there are no less than five G.U base 
pairs in the secondary structure of intact wheat germ 5 s  RNA, 
only one or two G U S  are observed by lH NOE experiments. 
This anomaly may be explained by overlap of peaks at positions 
R, V, and possibly W, absence of G.U pairs from the actual 
secondary structure, or high lability for chemical exchange 
for the remaining G-U pairs, so that their NMR signals are 
too broad for us to see, even at 2 OC. 

Limitations of the NOE Method and Implications for Fu- 
ture Work. Base-pair sequences constructed from NOE 
connectivities have been quite accurate for tRNA solution 
structures (Johnston & Redfield, 1981; Hare & Reid, 1982; 
Heerschap et al., 1983a,b) and for some small DNAs (Hare 
et al., 1983; Scheek et al., 1984). The principal limiation of 
the method occurs when two or more peaks overlap, as in peak 
K in Figure 3. Peak K contains approximately 8-10 reso- 
nances, as judged from its relative intensity and from the 
temperature-induced melting profiles in Figure 7. Thus, a 
base-paired segment inferred from NOE connectivity ends 
when one of the resonances in peak K is involved (see Figure 
5B-E); irradiation at peak K gives too many possible neighbor 
base pairs to choose the next neighbor in the segment. For 
example, if peak K contains 8 resonances, then there could 
be as many as 16 NOE connections from base pairs above and 
below the base pairs whose protons all share the same chemical 
shift at K, making base-pair sequence assignments highly 
ambiguous. Moreover, because peak K is so large, even a small 
degree of spillover of decoupler power from irradiation of a 
nearby peak can contribute an NOE difference peak at K, 
whether the K protons are dipole coupled to the irradiated peak 
or not-Figure 5E could present such a case. 

From the appearance of two aromatic peaks in the NOE 
difference spectrum, and by variation of buffer conditions, we 
conclude that the overlapping resonances labeled D, E must 

represent hydrogen-bond imino protons from two different A.U 
base pairs. On the basis of their disappearance from the 
spectrum of the RNase T1 resistant cleavage fragment, D, E 
might be A3UlI6 and U4AIl5. Although the two resonances 
are slightly separated when Na+ are removed (Figure 4, 
bottom), direct irradiation of either peak will produce a small 
difference peak at the other resonance position due to spillover 
of the presaturation power. A possible solution of this problem 
would be to employ a two-dimensional NOE experiment 
(NOESY) (Haasnoot et al., 1983), although such experiments 
become quite difficult for spectra with peaks with 50-Hz line 
widths. 

Finally, it is important to recognize that NOE experiments 
detect protons that are spatially close to the proton whose 
resonance is irradiated. In particular, secondary base pairs 
cannot be distinguished from tertiary base pairs. Thus, it is 
possible to infer an incorrect secondary base-pair sequence if 
one of the base pairs happens to be a tertiary rather than a 
secondary pair. 

Because of the above problems, NOE experiments must be 
supported by other procedures which shift or simplify the 'H 
NMR spectrum: use of enzymatic cleavage fragments (Kime 
& Moore, 1983a,b; this work), variation in temperature, 
change in salt conditions, site-specific spin-labeling (K. M. Lee 
and A. G. Marshall, unpublished results), comparison of 
spectra from 5 s  RNA from organisms whose 5 s  RNAs differ 
in only a few primary positions (S.-M. Chen and A. G. 
Marshall, unpublished results), deuterium exchange (K. M. 
Lee and A. G. Marshall, unpublished results), etc. For wheat 
germ 5 s  RNA, several other RNase T1 fragments designed 
to isolate other secondary structural segments are presently 
under investigation in our laboratory. 
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Binding of Escherichia coli Protein Synthesis Initiation Factor IF  1 to 30s 
Ribosomal Subunits Measured by Fluorescence Polarization+ 
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ABSTRACT: The interaction of initiation factor IF1 with 30s ribosomal subunits was measured quantitatively 
by fluorescence polarization. Purified IF1 was treated with 2-iminothiolane and N- [ [ (iodoacety1)- 
amino] ethyl] -5-naphthylamine- 1 -sulfonic acid in order to prepare a covalent fluorescent derivative without 
eliminating positive charges on the protein required for biochemical activity. The fluorescent-labeled IF 1 
binds to 30s subunits and promotes the formation of N-formylmethionyl-tRNA complexes with 70s  ri- 
bosomes. Analyses of mixtures of fluorescent-labeled IF1 and 30s  ribosomal subunits with an SLM 4800 
spectrofluorometer showed little change in fluorescence spectra or lifetimes upon binding, but a difference 
in polarization between free and bound forms is measurable. Bound to free ratios were calculated from 
polarization data and used in Scatchard plots to determine equilibrium binding constants and number of 
binding sites per ribosomal subunit. Competition between derivatized and nonderivatized forms of IF1 was 
quantified, and association constants for the native factor were determined: (5 f 1) X lo5 M-I with IF1 
alone; (3 .6  f 0.4) X lo7 M-' with IF3; (1.1 f 0.2) X lo8 M-' with IF2; (2.5 f 0.5) X lo8 M-' with both 
IF2 and IF3. In all cases, 0.9-1.1 binding sites per 30s subunit were detected. Divalent cations have little 
effect on affinities, whereas increasing monovalent cations inhibit binding. On the basis of the association 
constants, we predict that greater than 90% of native 30s subunits are complexed with all three initiation 
factors in intact bacterial cells. 

D u r i n g  initiation of protein synthesis in bacteria, the 70s 
ribosome dissociates into subunits, the 30s subunit forms a 
preinitiation complex with N-formylmethionyl-tRNA 
(fMet-tRNA,)' and mRNA, and the 50s subunit joins the 
preinitiaton complex to form a 70s initiation complex capable 
of entering the elongation phase [for reviews, see Maitra et 
al. (1 982) and Grunberg-Manago et al. (1978)l. This process 
is promoted by three initiation factors: IF1 (MI 8119), IF2 
(MI 97 300 and 79 700) and IF3 ( M ,  20 668). IF3 helps 
dissociate ribosomes and is associated with mRNA binding. 
IF2 is involved with fMet-tRNA binding and hydrolyzes GTP. 
IF1 stimulates the rate of ribosome dissociation and generally 
assists in the actions of the other two factors. In spite of 
extensive efforts over the past 15 years, the detailed molecular 
mechanisms of action of the initiation factors remain unclear. 

Elucidation of the pathway of initiation and of possible 
translational control mechanisms requires a detailed knowledge 
of the kinetic parameters for the various reactions involved. 
Studies of the rates of binding of fMet-tRNA and mRNA by 
membrane filtration (Gualerzi et ai., 1977; van der Hofstad 
et al., 1978) and spectrophotometric (Wintermeyer & 
Gualerzi, 1983) techniques indicate that their binding may 
be either a random or an ordered process. We have focused 
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on the interaction of the initiation factors with 30s subunits, 
initially using radiolabeled factors and sucrose density gradient 
centrifugation to monitor binding (Fakunding & Hershey, 
1973; Heimark et al., 1976; Langberg et al., 1977). Whereas 
these studies showed that individually the stability of 30s 
binding is IF3 > IF2 > IF1, this method is unsuited to 
quantitative kinetic studies. More recently we used fluores- 
cence polarization techniques to determine the equilibrium 
association constants (K,) for 30s subunits and IF2 (Weiel 
& Hershey, 1982) and IF3 (Weiel & Hershey, 1981). 
Fluorescence polarization allows measurement of the binding 
of a small, covalently derivatized initiation factor with the 
relatively large 30s ribosomal subunit. The K,  for IF3 and 
30s subunits is 3.1 X lo7 M-' and does not change appreciably 
in the presence of the other factors. The K,  for IF2 alone is 
2.7 X lo7 M-' but increases to 1.8 X lo8 M-' in the presence 
of IF1 and IF3. In the work reported here, we prepared an 
active fluorescent derivative of IF1 and measured the K, for 
IF1 and 30s subunits with and without the other factors. The 

Abbreviations: met-tRNA, N-formylmethionyl-tRNA; IF, 'initia- 
tion factor; PAGE, polyacrylamide gel electrophoresis; SDS, sodium 
dodecyl sulfate; NEPHGE, nonequilibrium pH gradient electrophoresis; 
BME, &mercaptoethanol; TEA, triethanolamine; 2-ITL, 2-imino- 
thiolane; F-IF1, fluorescent-labeled IFl;  1,5-IAEDANS, N-[[(iodo- 
acetyl)amino]ethyl]-5-naphthylamine- 1 -sulfonic acid; Tris-HC1, tris(hy- 
droxymethy1)aminomethane hydrochloride; EDTA, ethylenediamine- 
tetraacetic acid. 
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